The development of lightweight, large-aperture optics is of vital importance to the Department of Defense and the US Air Force for improving current capabilities in advanced remote sensing applications. Synthetic polymer optics offer weight and flexibility advantages over current generation glass mirrors, but they require active control to maintain tight surface figure tolerances. This research explores the feasibility of using imbedded piezoelectric materials to control polymer optical surfaces. Membrane-based mirrors were constructed to develop and validate control techniques. Test results verified that surface control on the order of tens of wavelengths is possible using these systems.
Introduction
For decades, the United States has recognized the value of placing telescopes in orbit for both research and reconnaissance. For downward-looking satellites, orbit provides the altitude required for recording the "big picture". For astronomers, Earth orbit provides a platform above the turbulent atmosphere and light pollution that plague ground-based telescopes. The resolution of the images provided by these optical systems is limited by the diameter of the primary optical surface. 1 Thus, there is a growing interest by the US Department of Defense, NASA, and other government organizations in developing and deploying largeaperture optical telescopes. 1 Many advances have been made to reduce the size and weight of satellites while increasing their capability. For optical systems, however, size and weight are almost universally determined by the size of the primary mirror. These two factors are also the most important when calculating the cost of launching payloads into orbit.
2
Current technology mirrors are built from heavy polished glass in a long, tedious, and expensive process. Thus, placing highly capable, large-aperture telescopes in orbit is presently expensive. In addition, the aperture of these optical systems is limited to the diameter of the largest space launch vehicles, currently about 4 meters.
The development of large-aperture optics depends heavily on advances in smart structures technology. A 30-meter diameter optical surface would need to be de- * Advanced Composites Structural Engineer † Senior Engineer ‡ Nonmetallic Materials Engineer ployable and have a very low areal density (about 1-2 kg/m 2 or less). These requirements dictate a structure that is highly flexible, yet with surface control on the order of microns.
1 Clearly, a deployable reflector with the structural control fidelity required of optical systems requires actuators and sensors that are highly integrated into the system.
Mirror Construction

3
The application of smart structures to optical surfaces has thus far been limited to global shape control of polished glass surfaces or small, expensive microelectro-mechanical devices. This research will expand the boundaries of optical smart structures by introducing the use of flexible polymer-based membrane optical surfaces. Two mirrors were constructed and tested to determine the effectiveness of different control techniques. The mirrors were constructed from a stretched piezoelectric membrane (polyvinylidene fluoride -PVDF) bonded to an aluminum ring. The nickel/copper-coated PVDF membranes were etched with an electrode control pattern to enable actuation of specific regions of the mirrors. The optical surfaces were created by pouring silicone rubber over the controllable substrates to produce flat, semi-reflective surfaces. One of the mirrors was coated with a layer of gold to enhance reflectivity. The mirrors were tested using Shack-Hartmann sensing to determine surface shape.
Construction of Membrane Mirror 1
The first membrane mirror (M1) was constructed from an un-etched, 32µm-thick piece of PVDF membrane. A previously-developed membrane mounting system was used to keep the membrane taut while a 6" diameter (5" inner diameter) aluminum ring was bonded to the membrane using epoxy. 4 The mounting system consisted of a 14" diameter aluminum ring with a rubber o-ring attached, an aluminum faceplate ring, and four bar clamps (see Figure 1) .
The PVDF membrane was placed between the oring and the faceplate. The bar clamps were then tightened incrementally until the membrane was taut (see Figure 2 ). Five-minute epoxy was applied to the 6" aluminum mounting ring, which was then bonded to the membrane (see Figure 3) . A 0.5" thick aluminum disk was placed on top of the ring along with a 1 lb. weight to ensure a good bond between the membrane and the ring.
After the epoxy had thoroughly cured, the clamps were loosened and the excess membrane was cut away from the mounting ring. A small tab was left on one edge of the membrane to serve as an electrical contact. Leads were constructed by soldering wire to small pieces of copper tape. The tape was then stuck to the membrane tab, providing a means of applying voltage to specific regions of the PVDF control layer. Mirror M1 was originally constructed as a prototype to test the membrane mounting procedures only. The membrane etching procedures developed during the construction of the second mirror (described below) Fig. 3 The mounting ring bonded to the stretched membrane. were used to etch a control pattern on the back surface (see Figure 4) .
The electrode pattern for M1 consisted of a 2.5cm and 7.5cm diameter concentric ring. The two control areas were separated by a 3mm gap, and leads were etched from each electrode to the tab on the membrane edge. The mirror was then spray-painted on the side opposite of the electrodes (inside the mounting ring). The painted surface prevented the reflective PVDF from causing interference during testing. Once the paint had dried, silicone rubber primer was applied and a layer of GE Silicones RTV615 approximately 3mm thick was poured into the mounting ring. RTV615 was chosen for the mirror surface due to its low cure shrinkage and its long working time. In addition, previous experiments showed that RTV615 had very flat surface after curing. 5 The mirror was supported by the edges of the mounting ring while the resin cured. Bubbles visible in the resin were carefully removed with a dental pick prior to cure.
The first layer was tested and found to have a slight curvature. A second layer was applied to the mirror while the membrane was supported by placing it on a flat piece of glass. This technique improved the surface figure, so the second mirror was also constructed using the glass for support. The total thickness of the final membrane was 6mm. M1 was vapor-coated with a layer of gold to enhance its reflectivity (see Figure 5 ). The mirror was weighed and compared to the weight of an empty mounting ring. Based on the membrane alone, the areal density of M1 was 3.55 kg/m 2 .
Construction of Membrane Mirror 2
The second membrane mirror (M2) was constructed using the techniques developed during the construction of M1. However, the PVDF membrane used for M2 was thicker (52µm versus 32µm for M1) due to availability of materials. In addition, the control pattern was etched on the PVDF prior to stretching and mounting the membrane (see Figure 6 ). The keystone pattern used for M2 enabled actuation of individual sections of the membrane. This pattern was designed to provide high-order surface control upon actuation of individual sections and low-order surface control upon actuation of the outer sections in unison. The pattern was created as a full-size template on stiff photographic paper. The electrode sections (numbered regions in Figure 6 ) were removed using a razor knife, and then drawn on the PVDF with a permanent marker using the template as a guide.
Once the electrodes were drawn with the marker to protect the metal coating, the nickel-copper layer surrounding them was removed using a cotton swab dipped in Ferric Chloride etchant. Thus, the electrodes were electrically isolated from each other and from the back surface, which was used for grounding the membrane. The etchant residue was then removed using damp cotton balls, and the permanent marker covering the electrodes was removed with cotton balls saturated with isopropyl alcohol. The metal on the re- verse of the membrane was removed behind the leads so that a charge applied to a particular electrode would not produce a piezoelectric effect along the lead as well.
The membrane was then stretched and bonded to the mounting ring using the procedure described for M1 (see Figures 1 through 3 ). Once the epoxy had cured, the excess PVDF membrane was removed using scissors and a razor knife. The PVDF is manufactured in long sheets, resulting in anisotropic properties. The thicker PVDF used for M2 had a high tendency to "run" along the grain (lengthwise) when it was cut. Thus, great care was taken when cutting out the electrode leads to prevent tearing (see Figure 6) .
The mirror was then painted and two layers of RTV615 were poured, allowing several days between layers for the polymer to cure. The total membrane thickness was 4mm. A reflective coating was not applied to M2. The areal density of membrane mirror M2 was 1.97 kg/m 2 .
Test Methodology
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All tests were conducted using variations of a setup previously designed for measuring the surface flatness of membranes mounted to the 6" diameter aluminum rings (see Figure 7) . 4 All specimens were illuminated using a 20mW helium-neon laser, with a wavelength of 632.8nm. All surface measurements were made using a WaveScope Shack-Hartmann wavefront sensor built by Adaptive Optics Associates (AOA). The WaveScope measured the reflection of each test specimen and compared it with a reference source. The WaveScope software calculated the optical path difference between the test surface and the reference surface. The data was used to calculate a surface plot of the specimen, a synthetic interferometric fringe pattern, and the first 35 coefficients of the Zernike polynomial describing the surface shape. To com- pare different test data and enhance the display of the test surfaces, the surface data and Zernike polynomials were exported and plotted using MATLAB .
Test Setup
Several test setup configurations were used to measure the mirror surfaces. In all tests, the beam path initiated at the laser output and passed down the length of the optics table through a set of filters (see Figure 8 ). Beam intensity was controlled using a filter wheel (F1) that contained neutral density filters ranging from 10% to 80% transmission. In addition, two gradient wheel filters (F2,F3) provided fine beam intensity control. The beam was turned 90
• using a λ/20 flat mirror (FM1) and passed through a spatial filter (SF) to produce a clean Gaussian wavefront. The expanding beam was collimated using a 25.4mm achromatic doublet lens (L1) with a focal length of 200mm (Figure 8) .
Once the collimation of the beam from L1 was veri- The test beam passing through the beam splitter was expanded using a 25.4mm doublet lens with a focal length of 250mm (L2). The expanding beam was reflected off a λ/10 flat mirror (FM3), which turned the beam down the length of the table towards a 317.5mm diameter parabolic reflector (PR) with a focal length of 1908mm (see Figure 10 ). The expanding lens and turning mirror were placed such that the beam expanded as a point source located near the focal point of the parabolic mirror. The expansion ratio is given by the following formula:
Expansion Ratio = PR Focal Length L2 Focal Length = 7.63
Thus, the expanded beam was collimated into a beam wide enough to illuminate the test specimen. Light reflected from the test specimen then travelled along the same path back to the beam splitter, where it was recombined with the reference beam and turned into the WaveScope . Initial testing showed that the mirrors deformed when mounted vertically. Thus, the 6" mirror mount was reconfigured to enable testing of the membranes in a horizontal position. The 6" mount was bolted to a large post and flat mirror (FM4) was mounted at 45
• to turn the test beam path downward. The membrane mirrors were then placed on the table supported by spacers under the mounting ring. Full-aperture test were accomplished using this setup (see Figure 11) . Fig. 10 The 25mm collimated test beam was expanded to 7.6" to illuminate the test section. Fig. 11 The membrane mirrors were tested in a horizontal configuration.
Data Collection and Processing
Measuring optical surfaces can be accomplished using Twyman-Green interferometry or a ShackHartmann sensor. Interferometry requires that the test and reference surfaces be illuminated simultaneously, that the reflection from each have comparable intensity, and that the test and reference beam paths be approximately the same length. Because the reflectance of the uncoated mirror was significantly less than the reference mirror, interferometry was infeasible for measurement of the uncoated specimen. A Shack-Hartmann sensor, however, measures the test and reference reflections independently. Thus, the intensity of the beam can be adjusted using a filter wheel to switch between the high intensity reference reflection and the low intensity test reflection. In addition to absolute surface measurement, independent beam sampling allowed measurement of a mirror's surface relative to itself. Testing of the active mirrors was accomplished by using the unactuated mirror surface as a reference and then measuring surface deformation relative to the unactuated state. Figure 12 shows the surface flatness of membrane mirror M2. A 6" flat mirror (λ/10) was used for the reference beam. Although the surface was somewhat flat (3.95λ PV, 0.63λ RMS), the initial surface shape could have affected test results. The relative flatness, however, was measured by using the unactuated test mirror as the reference. Figure 13 shows that the surface flatness with M2 self-referenced was greatly improved (0.59λ PV, 0.07λ RMS). Using this method, highly accurate relative surface measurements can be achieved. In addition, the self-referenced surface flatness serves as an approximate measurement of the error associated with each test.
Light entering the WaveScope passes through a monolithic lenslet module (MLM) that focuses the light onto a CCD sensor. During testing, the CCD camera is traversed forward and backward, measuring the light at different focal planes. The fidelity of the data collected using the WaveScope depends on the size of the lenslets in the MLM.
6 Two different MLM sizes were used for this research. A low-fidelity array, with lenslets measuring 480µm across, was used during initial testing. Once testing procedures were refined and mirror construction had improved, tests were performed with a higher fidelity, 133µm MLM. The tests were conducted using a frame rate of 5Hz, with each measurement consisting of the average of five frames. Three measurements were recorded for each test.
During testing, the surface shape of the test article was viewed using the WaveScope software. For each test the surface flatness was recorded, both peakto-valley (PV) and root mean squared (RMS). To facilitate viewing and comparing the data, a representative sample (one of the three measurements collected for each test) was selected and the surface shape and Zernike polynomial coefficients were plotted using MATLAB.
The height data was converted from µm to λ by dividing by 0.6328 (the wavelength in µm). The width and length of the data plot was scaled to match the actual mirror surface. One data point was recorded for each lenslet in the MLM array. To convert the data to match the mirror surface, the data spacing was multiplied by the lenslet size (0.133mm or 0.480mm) and then by the beam expansion ratio (1:1 or 7.63:1, depending on the setup). The vertical scale on the graphs was adjusted to allow comparison between relevant tests. As a result, the minimum and maximum values on the color bar and vertical scale may exceed the minimum and maximum values plotted on any given graph. All surface plots have units of λ for the surface height and color bar, and horizontal distance is plotted in millimeters on the mirror surface. All PV and RMS surface flatness values presented are averages of the measurements taken for each test.
Experimental Results
3
Surface measurements were collected for both of the mirrors using the AOA WaveScope Shack-Hartmann sensor. Initial tests were conducted using a 480µm MLM and a 1" diameter test beam to check the local surface flatness and observe deformation of the mirrors during actuation. A horizontal, full-aperture testing method was later developed which provided a 4" diameter test spot. In addition, a 133µm MLM was utilized to improve test data fidelity. Each mirror was tested using the unenergized state as a reference, taking measurements of the surface shape with different regions of the mirror actuated at different voltages. Average surface deviation measurements and surface plots for the tests of interest are presented in the following sections. 
Membrane Mirror M1
Initial testing of M1 revealed that the mirror had net surface curvature. The curvature prevented measurement of the mirror's surface by causing the test beam to expand as it returned to the WaveScope . As a result, the first layer of M1 was tested using a modification of the setup described above. The expanding lens L2 was removed, allowing a 1" section of the mirror to be tested. Localized movement of the mirror surface was observed during initial testing (Tests 1-3) after applying voltage to the control electrodes. Figure 14 shows the surface deflection (in wavelengths) of M1 with increasing voltage.
M1 Test 4
After a second coat of RTV615 was applied to M1, the surface was flat enough to test using the expanded test beam. The mirror was coated with a layer of gold to enhance reflectivity. The mirror was tested in a horizontal position by mounting the 6" mirror mount at 90
• and tilting the mirror 45
• to reflect the test light downward (see Figure 11 ). All further membrane mirror tests were conducted using this configuration. The tilted 6" mirror reduced the test beam to an ellipse 4" by 6". For maximum fidelity, the optics were selected such that the test beam completely filled the MLM aperture, which resulted in a 10cm diameter test section. In addition, the higher fidelity 133µm MLM was used to increase the number of test points recorded.
To measure the surface flatness of M1, the mirror was placed horizontally in the test section and measured relative to FM2 (Test 4b -see Figure 15 ). The surface flatness was measured to be 6.6λ PV (1.2λ RMS). A 6" reference mirror was used in the horizontal test position for subsequent absolute surface measurements. Using this configuration, errors introduced by the optics in the test leg were the same for the test and reference reflections, thus cancelling when the WaveScope compared the two beams.
The surface flatness was then tested using M1 as the reference (Test 4c) and the relative flatness was found to be 1.14λ PV (0.13λ RMS). Because the membrane mirrors were stored "face-down" when not in use, M1 was allowed to rest in the "face-up" position for approximately one hour. This ensured that any relaxation of the membrane had reached steady state before continuing the testing. The self-reference test was repeated (Test 4d) resulting in a surface flatness measurement of 0.80 λ PV (0.08 λ RMS) (qualitatively similar to Figure 13) .
In Test 4, the inner and outer regions of the mirror were actuated with voltage ranging from -600V to +600V. In the tests at ±600V, the electrodes shorted producing surface deflection that did not correspond with the control regions. Tests at +300V, however, produced surface deflections up to 13.6λ that directly corresponded to the actuated control regions (see Figures 16 and 17) .
Tests 4e and 4l (Figures 16 and 17) show the best response of the control regions of M1. For qualitative comparison, plots of the Zernike polynomials for these two tests are shown in Figures 18 and 19 . Note that the areas inside and outside of the control region are deflected in the opposite direction as the control region. This suggests that the energized PVDF not only deflects out of plane, but also exhibits bending at the control boundaries when voltage is applied.
Membrane Mirror M2
Mirror M2 was tested in a horizontal configuration, with a beam expansion ratio of 7.63 (see Test Setup section for details), enabling a 10-cm section of the surface to be tested. Several tests were conducted by energizing different regions of the control pattern and recording the surface deflection. Figure 6 shows the control pattern etched on the M2 PVDF layer and M1 outer region actuated with 300V (13.6λ PV, 2.28λ RMS).
Fig. 18
M1 inner region actuated with 300V (Zernike). identifies the regions actuated during the following tests. The first test measured the actuation of region 7, the center of the control pattern. Two opposing regions, 3 and 6, were actuated in the second test. The third test of M2 shows actuation of each of the control regions in sequence.
M2 Test 1
The first test of M2 shows the effect of different voltages applied to the center region of the control pattern. The mirror surface was first measured at 0V, using itself as the reference (qualitatively similar to Figure 13 , but with surface flatness of 0.71λ PV, 0.05λ RMS). The center leads were connected to a power supply, and voltage was applied to control region 7. The surface flatness was measured at 300V and 600V. The surface plots (see Figures 20 and 21) show a clearly defined depression located in the center region. The magnitude of the depression increased by almost one wavelength (2.33λ PV for 300V versus 3.22λ PV for 600V) while remaining fairly smooth (0.27λ RMS versus 0.30λ RMS). The effect of the control region actuation is clearly localized to the etched pattern.
After the mirror had been tested with positive voltage, the control leads were grounded to discharge the PVDF layer. The surface flatness was measured at 0V, still referenced to the original undeformed state. The surface retained some deformation as a result of control layer actuation. While there were some isolated regions of large peak-to-valley deformation (2.6λ PV near the edges), the overall surface remained smooth (0.20λ RMS). The surface shape was qualitatively similar to Figure 24 .
Region 7 of M2 was actuated using -300V and -600V to compare the surface deflection in the opposite direction. Figures 22 and 23 show the clearly defined center section raised above the surface of the surrounding membrane. The deflection was 2.39λ PV and 3.40λ PV for the -300V and -600V cases, respectively. In addition, the width of the deformed region increased from about 40mm for the -300V case to about 50mm for the -600V case. The deformed region of the mirror extended slightly beyond the control region, which measured 30mm across. Thus the height and the deformed area increased with increasing voltage.
After completing the region 7 tests, M2 was retested at 0V to check residual surface deformation. The surface had returned to an overall flat shape (0.29λ RMS), although there were some large, localized areas of residual deformation (3.52λ PV). These were located near the edges, with only minor shape differences near the center. Figure 24 shows the surface shape measured relative to the original 0V state.
Results from Test 2 were qualitatively similar to Test 3 and were not included in this paper. 
M2 Test 3
The WaveScope was re-calibrated, and the selfreferenced flatness of M2 was measured at 0V to be 0.59λ PV (0.07λ RMS). Each of the 7 control regions were then actuated in turn using -600V, causing the selected region to deform upward. The unactuated regions in each test were connected to ground. The actuated region deformations varied in magnitude from 3λ to over 5λ PV. Figures 25 through 30 show the relative surface flatness for each of the outer regions.
Upon actuation, each region deformed the mirror surface according to the pattern etched on the control surface. During testing of region 3 (see Figure 27 ), surface deformation was also visible in region 1. This deformation was visible during the testing of regions 4-6 as well, although the magnitude decreased slightly during each subsequent test. The cause of the deformation is unknown, but it was probably due to charge leakage from the actuated electrodes or a short in the electrical leads.
After the outer regions of M2 had been tested, region 7 was also tested with -600V. The center region deflected upward, comparing favorably with previous actuation of the same region. Compare Figure 31 with Figure 23 . The surface deflection is similar, although the earlier test resulted in a slightly higher (3.40λ PV versus 3.06λ PV) and narrower deformation pattern.
A final test of mirror M2 consisted of connecting the leads for regions 1, 3, and 5 to the power supply and applying -600V to the three regions simultaneously. The remaining leads were connected to ground. Figures 32 and 33 show the surface deflection and plot of the Zernike polynomials of these three regions, respectively. The mirror surface was deformed only in the actuated regions, indicating that any combination of actuators could be used to effect desired changes in the mirror surface. Thus, high-order surface control was achieved using this control pattern. Actuating the outer regions simultaneously could provide low-order global curvature control similar to that achieved with the M1 control pattern.
Conclusion
The objective of this research was to design, construct, and test mirrors using smart structures technology to determine the viability of using imbedded actuators for the control of polymer optical surfaces. Two PVDF-controlled membrane mirrors were constructed using GE Silicones RTV615 for the optical surfaces of the mirrors. Different control patterns were designed for each mirror to control low-order and high-order surface deformation. Both mirrors exhibited deformation closely correlated to the control layer pattern, proving that mirror surface control is possible using these polymer-based imbedded actuator systems.
Mirror M1, which had a surface flatness of 6.6λ PV (1.6λ RMS) and an areal density of 3.55kg/m 2 , showed a controlled surface deflection of 5.37λ PV in the inner region and 13.6λ PV in the outer region at a control voltage of +300V. Test results proved that global curvature control of lightweight membrane mirrors can be achieved using a piezopolymer control layer, such as PVDF. Operational membrane optics could employ similar control techniques to alter mirror focal length and make other global curvature corrections in orbit.
Mirror M2 had a lower areal density, at less than 2kg/m 2 , and showed dramatic results in local mirror surface control. The complex etch pattern allowed desired regions of the mirror surface to be deformed independently, proving that the PVDF membrane can also be used to provide high-order mirror surface control. The magnitude of the controlled displacements, as high as 5.38λ PV, were greater than the absolute surface roughness of 3.95λ PV (0.63λ RMS). In both mirrors, surface control was on the same order of magnitude as the mirror surface flatness, suggesting that mirror manufacturing flaws could be corrected using a layer of PVDF with an etched control pattern.
The combined results of these experiments offer proof that membrane optics are viable in the near future. Large aperture remote sensing satellites could utilize these membranes for the primary optics, taking advantage of their very low areal density (<2kg/m 2 for the M2 prototype) to save weight. These mirrors could be integrated with a wavefront sensor in a closed-loop system, allowing active control of the mirror surfaces. The flexible nature of the membranes could allow them to be rolled or folded for deployment, enabling the use of existing launch vehicles for very large aperture systems. After deployment, control of the membrane surface can be achieved using systems similar to those developed during this research. The low-and high-order control achieved with the very lightweight membrane mirrors suggests that large-aperture membrane-based remote sensing satellites are feasible in the near future.
